Quantitative analysis by high-pressure liquid chromatography shows that all commercial samples of elemental sulfur besides S 8 contain traces of S 7 (up to 0.56%) and in some cases also S 6 , S 9 , and polymeric sulfur (S«,). Pure S 8 can be obtained by recrystallization from CS 2 . Elemental sulfur minerals also quite often contain traces of S 7 (up to 0.3%). Since neither irradiation by daylight at 20 °C nor heating to 90 °C for 41 days did convert a-S 8 into S 7 , the reactive sulfur molecules S" (n=£8) are believed to origin from liquid or gaseous sulfur which are known to be complex equilibrium mixtures of many S" species. Sulfur melts slowly cooled (within 0.6 to 145 h) from 122 to 20 °C in fact contain S 7 (minimum 0.2%) and at cooling rates of <24 h also other non-S 8 molecules. Solid solutions of S 7 in a-S 8 have also been prepared by cocrystallization of the compounds from CS 2 . In contrast to pure a-S 8 , these solid solutions are pale-yellow at 77 K, and the implications of these findings for the surface composition of Jupiter's satellite Io and for the mechanical properties of "formed sulfur" (Prills, Rotoform, Slates, etc.) are discussed.
Introduction
Commercial elemental sulfurs are of different purity both with respect to organic and inorganic impurities. The selenium content usually is very low (<1 ppm) [2] . The organic impurities (hydrocarbons) can be detected qualitatively by strong heating [3] resulting in formation of H 2 S and a black unsoluble material of composition CS X [4] which can easily be detected even in trace amounts after cooling to 20 °C when the color of the sulfur has returned to yellow.
Working with elemental sulfur from various commercial sources we have found by high-pressure liquid chromatography (HPLC) [5] [6] [7] [8] that all samples contained traces of S 7 besides the main component S 8 and -in some cases -certain amounts of unsoluble polymeric sulfur (S^). Since pure crystalline S 7 is unstable at 20 °C decomposing within a few hours to give a mixture of S 8 and S x [7, 9] , we have tried to determine the amount and the origin of S 7 in commercial as well as natural samples of elemental sulfur.
Commercial elemental sulfur is produced by either the Frasch or Claus process [10] which both work at temperatures above the melting point of ordinary sulfur (S 8 ) and thus produce liquid sulfur in the first place which is then solidified by different techniques resulting in either "Slates", "Prills", or "Pills" (Rotoform sulfur). Also the various purification processes for elemental sulfur by either sublimation or distillation operate at higher temperatures. Both liquid and gaseous sulfur consist of complex mixtures of cyclic molecules of which S 8 has the highest concentration at temperatures near 120-150 °C followed by S 7 [11] [12] [13] [14] , It therefore was to be suspected that the small amounts of S 7 found in commercial sulfur samples originated from the hot equilibrium mixtures and had survived the decomposition during the cooling to ambient temperatures. We have therefore simulated this process on a laboratory scale because of its significance not only for the industrial sulfur solidification processes but also for the volcanic activity on the surface of Jupiter's satellite Io which is believed to be covered to a large extend by elemental sulfur produced by sulfur volcanoes [15] .
HPLC Analysis of Commercial Sulfurs as well as of Purified Sulfur Samples
The following samples have been analyzed quantitatively by HPLC:
I. "Sulfur DAB 6, sublimed, particle size 44 pm" (Merck, No 7982) II. sulfur of type I but recrystallized freshly from dried and distilled carbon disulfide III. "Sulfur DAB 8, particle size ca. 20/^m" (Merck, No 7987), strongly smelling after H 2 S IV. "Sulfur, purissimum, >99.999%" (Fluka AG); according to informations from the producer the specified purity applies to metal impurities V. "Sulfur, precipitated, DAB, purum" (Fluka AG) VI. Frasch sulfur obtained from Grand Isle (Louisiana), prior to distillation (produced in 1973) VII. same as VI. but after distillation by the producer VIII. Frasch sulfur obtained from the sulfur terminal at Galveston (Texas) IX. and X. Claus sulfur, solidified as pills by two versions of the Sandvik Rotoform process (IX: greyish yellow; X: bright yellow) XI. Sulfur prills (pellets of diameter 1.5-3.0 mm) XII. Procor sulfur (pellets of diameter 2.7 mm)
The weighed sulfur samples were dissolved in CS 2 to give a definite volume. In many cases an unsoluble residue (polymeric sulfur) was observed the concentration of which has been indicated in column 5 of Table I . The solution was filtered prior to HPLC analysis using a sinter glass frit. The results of the chromatographic S 7 and S 8 determination are shown in column 3 of Table I . Except for the recrystallized sulfur (a-S 8 ) all samples showed a S 7 /S 8 mass ratio of between 0.10 and 0.56% which is approximately equal to the S 7 content of the sample since the polymeric sulfur usually accounted for less than 3.5% of the total mass. Sometimes traces of S 6 or S 9 were observed in addition as indicated in column 4. In Fig. 1 The highest S 7 contents of up to 0.56% were found for those samples which had definitely been prepared from liquid sulfur by some sort of solidification procedure (samples VI through XII).
While pure a-S 8 is greenish yellow at 20 °C, the S 7 containing samples appeared typically bright yellow unless additional impurities were present as in samples VIII and IX which were of greyish yellow appearance. At 77 K (immersed in liquid N 2 ) a-S 8 is colorless, samples IV, VII, X, XI, and XII, however, were pale-yellow at this temperature.
HPLC Analysis of Elemental Sulfur Minerals
Natural elemental sulfur is of either volcanic or biological origin. The volcanic sulfur as found, for instance, in Italy and on Iceland has probably been formed by air oxidation of H 2 S (fumarolic sulfur). The sulfur of biological origin has been produced indirectly by sulfate reducing bacteria which transform gypsum into CaS. The latter compound hydropses to H 2 S which finally is oxidized by air to give elemental sulfur [16] ; this type of sulfur is found underground, for instance, in Italy, Poland, Texas, Louisiana, Mexico, and in the Gulf of Mexico. Volcanic sulfur sometimes contains up to 680 ppm of selenium (probably as SeS 7 molecules) while the biologically produced sulfur is free of Se [2] . We have obtained a large number of natural sulfur samples from the collections of institutes of mineralogy as well as from other sources [2] and analyzed them by HPLC in a similar way as described in Chapter 2. The results are shown in Table II .
As can be seen from this Table, 52% of the samples investigated contained small amounts of S 7 , in three cases traces of S 6 have been observed in addition. All samples of high Se content (>100 ppm) also showed a relatively high S 7 content which will also contribute to the yellow color of these samples at 77 K. The sulfur from the volcanic sulfur flow on the slopes of Mauna Loa on Hawaii [17] (sample 14) contained 0.26% S 7 and 1.1% S*. All these samples [2, 14, [16] [17] [18] [19] ] appeared like having been formed from melts. We therefore suspect that the S 7 containing samples have been formed either by crystallization of liquid sulfur (with incorporation of S 7 into the S 8 crystal lattice) or by chemical reactions in which besides S 8 some other ring sizes have also been formed of which part of the S 7 survived the thermal decomposition over the years due to formation of 
HPLC Analysis of Liquid Sulfur after Slow Cooling to 20 °C
To simulate the industrial and geological solidification of liquid sulfur in the laboratory we have studied extensively the molecular composition of elemental sulfur which was first heated to 122 °C for 15 h in an evacuated glass ampoule to establish the chemical equilibrium S 8^8 In S" (n^8) [11] and then slowly cooled to ambient temperature. A programmable electronically controlled liquid thermostate was employed which allowed to heat a sample to a constant temperature for a certain time followed by a linear cooling to 35 °C with a constant cooling rate of between 2.5 and 0.01 Kmin -1 . The cooling rates employed and the time required for the temperature interval 122->35 °C are shown in Table III . When the temperature of 35 °C was reached the ampoule was removed from the oil bath, cleaned, opened, and the content quantitatively extracted by CS 2 at 20 °C. Any unsoluble polymeric sulfur present was determined by weighing and the soluble sulfur was analyzed by HPLC. In Fig. 1 the chromatogram of a CS 2 solution is shown which had been prepared from a 122 °C sulfur melt cooled to 35 °C within Table III . Relationship between cooling rate a and duration t of the cooling process for the temperature interval 122 35 °C.
145 h. To check the impact of impurities on the results three different grades of elemental sulfur were used in these experiments (samples I, II, and IV of Chapter 1). The results presented in Table IV and in Fig. 2 and  3 may be compared with the data obtained when liquid sulfur (122 °C) was rapidly quenched in liquid nitrogen [11] ; these data are also included in the Figures and the Table. Independent of the purity of the sulfur used the following observations were made:
a) The S 8 concentration in the cooled samples increased with increasing cooling time t and almost approached the value of 100% for t = 145 h. b) The concentrations of S 6 , S 7 , S 9 , S 10 , and S 12 decreased first rapidly, later more slowly with in- Table IV . Molecular composition on % (by weight) ol three types of elemental sulfur cooled from 122 °C to 20 °C at different cooling rates. The data for t = 0 (quenching in liquid N 2 ) have been taken from ref. [11] . The sign "+" means that the particular species has been detected qualitatively but at too low a level for quantitative determination the symbol "-" means the absence of the species in the chromatograms. Table II. creasing cooling time, but not all of them approached the value of zero. For instance, the mass ratio S 7 :S 8 which amounts to 3.5% for liquid sulfur at 122 °C [11] had decreased to 0.2% for t= 14.5 h and remained constant at this level for cooling times up to 145 h. On the other hand, S 6 , S 10 , and Sj2 had completely disappeared in samples cooled to 35 °C at a rate of <0.06 Kmin -1 (t>24 h). c) The polymeric sulfur (S x ) content of sulfur melts rapidly quenched from 122 °C to -196 °C amounts to only 0.2% by weight. In slowly cooled sulfur melts much higher values are observed indicating the formation of S x by decomposition of S 6 , S 7 , S9, S 10 , S 12 , etc. The S x content reached a maximum at t = 2 h for the sulfurs I ("DAB 6") and IV ("99.999%") and at t = 14.5 h for sulfur II (recrystallized), while at lower cooling rates less S x has been found. The decrease in S x concentration coincides with the more or less completed decomposition of S 7 (see Fig. 2 ). d) No dramatic differences in the behavior of sulfur melts of different purity were observed (see Fig. 3 ) although S 6 , S 7 , S 9 , and S 10 decomposed somewhat more rapidly in the "DAB 6" sample compared to the purer samples I and IV. Pure polymeric sulfur dissolves very slowly in CS 2 at 20 °C to give a solution of mainly S 7 and S 8 with traces of other homocycles S" [7] . One could therefore suspect that part of the S 7 concentrations listed in Tables I, II , and IV comes from the depolymerization of the almost always present S x in which case however the S 7 concentration had to be extraction time dependent. We therefore have varied the extraction time of like ampoules between 2 and 60 min. No variation in the S 7 : S 8 ratio was observed indicat-ing that S 7 does not originate from S x . For the experiments listed in Table IV an extraction time of 30 min was used which guaranteed that all soluble compounds dissolved.
We have also checked a possible impact of the glass pieces formed on opening the ampoules. This glass is present during the extraction and may catalyze the conversion of S" (n 8) to S 8 . However, a large excess of additional broken glass of the same type did not change the S 7 :S 8 ratio within 45 min.
Careful comparison of the data in Table IV reveals that the concentrations of certain species do not always change smoothly with increasing cooling time but sometimes a considerable scatter of data is observed. It has to be taken into account, however, that each row of Table IV represents the content of one particular ampoule. It is known [3, 19] that liquid sulfur has a strong tendency to supercooling if the temperature is lowered slowly, and only at temperatures considerably lower than the triple point temperature of 115 °C sudden crystallization is observed. Therefore, the contents of different ampoules even when treated alike will solidify at different temperatures! This has a dramatic influence on the molecular composition of the samples as can be seen from the following experiment. Two equal ampoules (A and B) with recrystallized sulfur (II) were heated to 122 °C for 12 h and both cooled to 90 °C with a = 2 Kmin -1 . Ampoule A was removed for a very short time from the oil bath to initiate crystallization and immediately put back into the 90 °C liquid. After 45 h at 90 °C the temperature was lowered to 35 °C with a = 5 Kmin -1 and the content of the ampoule analyzed as described above. Ampoule B was kept at 90 °C for 19.5 h and then cooled to 35 °C with the same rate of 5 Kmin -1 . The results in Table V show that the contents of A basically consisted of S 8 while [7] . Only crystallization at a temperature well below 90 °C at which the conversion to S 8 is slow will result in a solid mixture with a considerable non-S 8 sulfur content.
Does Heating of Solid a-S 8 to 90 °C or Irradiation at 20 °C Result in S 7 Formation?
The S 7 content of the slowly cooled sulfur melts may arise from the S 7 content of the melt or from a reaction proceeding in the solid state in which the equilibrium S 8^8 /7 S 7 may be reached either thermally or photochemically. It has in fact been observed before that intense irradiation of solid a-S 8 at 77 K by a mercury lamp results in partial conversion to S 7 and other sulfur homocycles [20] . However, when pure freshly recrystallized a-S 8 was kept in sunlight or diffuse daylight, respectively, at 20 °C for 55 consecutive days no conversion to any other sulfur ring molecule could be detected by HPLC.
To check for a possible conversion of S 8 into S 7 in the solid state ten samples of pure recrystallized a-S 8 (ca. 250 mg each) were sealed in evacuated glass ampoules and heated to 90 °C in the thermostate. After certain times one ampoule each was removed from the oil bath, cleaned with cold acetone and methanol, opened, the content dissolved in CS 2 , and the obtained solution analyzed by HPLC. But even heating to 90 °C for 41 days did not produce any S 7 or other sulfur rings indicating that the equilibrium S 8^8 /n S" lies completely on the left side at any temperature in a-S 8 .
Preparation of Solid Solutions of S 7 in a-S 8 by Cocrystallization from CS 2
The results described above indicate that S 7 molecules might be trapped in the crystal structure of S 8 and thus stabilized with respect to a conversion to the more stable species S x and S 8 . Since both the dimensions and shape of the S 7 and S 8 molecules are quite similar [21] , the assumption of a "matrix isolation" of S 7 in solid S 8 seems quite reasonable. We have therefore tried to prepare solid solutions of S 7 in a-S 8 by crystallization of the latter in the presence of the former at -78 °C. CS 2 was used as a solvent, and to prevent the crystallization of pure S 7 its concentration was kept well below the saturation level at -78 °C which amounts to 1.7% by weight [12] . Three experiments were carried out and the composition of the initial solutions as well as of the crystals obtained are shown in Table VI . The maximum S 7 concentration achieved was 0.57% by weight but after aging of the crystals at 20 °C a final concentration of 0.26% S 7 was reached which is in perfect agreement with the S 7 content of very slowly cooled sulfur melts (see Chapter 4). The crystals with 0.26% S 7 showed a melting point of 110 °C (recrystallized a-S 8 : 114 °C) and a pale-yellow color at 77 K. Since pure a-S 8 is colorless at this temperature, the yellow appearance must be caused by the trace amounts of S 7 .
Discussion
The results reported above indicate that the molecular composition of elemental sulfur samples very much depends on the mode of preparation or formation and in particular on the thermal history. Since the different components like S 8 , S 7 , and Soo have different physical properties and also differ in their chemical reactivity, the bulk properties of elemental sulfur samples of different origin will differ markedly. This statement, for example, applies to the color, the optical spectra, and the mechanical properties of sulfur. While a-S 8 is colorless at temperatures below 170 K and greenish-yellow at 300 K, the S 7 containing a-S 8 samples are pale-yellow even at 77 K and bright-yellow at 300 K. The well-known typical bright-yellow sulfur color is therefore not the color of solid S 8 ! The optical absorption spectra of S 8 , S 7 , and other sulfur homocycles have recently been recorded for solutions in either methanol or methylcyclohexane [22] . Compared to S 8 , S 7 has a stronger absorption at wavelengths of > 300 nm and therefore is of more intense and bright yellow color both in the solid and solution state.
The two American Voyager spacecrafts confirmed in 1979 the earlier ground observations that Jupiter's satellite Io has in parts a yellow surface color [23] which has been interpreted as elemental sulfur on grounds of the specific landforms and the reflection spectra in the infrared, visible and ultraviolet regions [15, 23, 24] . The surface material is constantly recycled by a number of active volcanoes and geysirs powered by hot elemental sulfur and S0 2 [25] . These volcanoes produce either sulfur flows which sometimes extend hundreds of kilometers (shield volcanoes) or the sulfur containing melt is sprayed up to 280 km above the surface (geysirs) and settles on the surface within ca. 15 min due to gravitation. During these processes the hot liquid sulfur cools down slowly due to radiative loss and finally by thermal conductivity on the surface which is at an average temperature of 120 K. From the results reported in Chapter 3 and shown in Fig. 2 it is obvious that this sulfur will still contain several percent of S 7 , S 6 , S 9 , and S 12 and will therefore be yellow at 120 K while a mixture of just S 8 and S^ would be colorless [20] . With other words, the surface areas of Io neighboring the sulfur volcanoes will be covered by S 7 -containing elemental sulfur and the reflection spectrum will consequently be different from that of a-S 8 at the particular temperature. In addition, Io's sulfur may contain traces of selenium which also would influence its color [2] .
Of all commercial and natural sulfur samples listed in Tables I and II those showed the highest S 7 contents which definitely had been formed from sulfur melts by a fairly rapid cooling process which takes only a few minutes in the case of Rotoform, Frasch, Prill, Procor, and Slate sulfur. These sulfurs somehow have their thermal history built in. If an elemen- tal sulfur sample does not contain traces of S 7 it must have crystallized from a low temperature solution rather than from a hot melt. On slow solidification of sulfur melts most of the reactive homocycles S" (n^ 8) decompose to give S 8 and Sao • The latter compound forms random coil fibers which contribute considerably to the mechanical stability of formed sulfur. The S* content of Rotoform 1 sulfur amounts to only 1.3% but these pills are of remarkable mechanical stability and not near so brittle as pure a-S 8 . The higher S* content of Rotoform 2 makes the pills very hard to pulverize. The Frasch sulfur produced in huge amounts in Texas and Louisiana as well as the Claus sulfur made from the FLS of sour gas in Alberta are poured in huge blocks of up to 300,000 tons of sulfur which measure up to 100 m in length and 15 m in height [3, 10] . These blocks have vertical walls of remarkable strength which cannot easily be broken and therefore must be molten down by steam heated steel pipes when the sulfur is to be used again.
These examples demonstrate the impact of S x on the mechanical properties of solidified sulfur melts; this influence can be compared to the increase in mechanical strength by glass or carbon fibers in modern composite materials. The obviously randomly-coiled polymer sulfur can be made visible by electron scanning microscopy of frozen sulfur melts after the small molecules S" (n = 6, 7, 8, ...) have been removed by sublimation at 20 °C in a high vacuum for 1823 h; the S* forms fluffy colorless particles under these conditions [26] .
The solid solutions of S 7 in a-S 8 with an S 7 /S 8 ratio of 0.2% have one S 7 molecule in 440 S 8 molecules. Since the unit cell of orthorhombic a-S 8 consists of 16 molecules, ca. 28 such unit cells are needed to find one S 7 molecule which can be considered as some kind of defect of the S 8 structure with one sulfur atom of an S 8 molecule missing. Maybe other reactive sulfur molecules can also be trapped in a-S 8 and thus be stabilized.
Most likely the three known allotropes of Se 8 [27] will also crystallize from CS 2 as solid solutions with traces of Se 7 and possibly Se 6 since in solution these three molecules are always in equilibrium [28] .
Experimental
HPLC Apparatus: Knauer HPLC pump. Rheodyne loop injector (10 /d), Waters 8C18 Radial Pak cartridge columns (reversed phase C18, particle size 10 /^m) with RCM 100 compression module (column length 10 cm), Waters 440 UV detector (254 nm), Merck-Hitachi recorder-integrator. The flow of 2 ml/min resulted in a back pressure of 35-40 bar with methanol as an eluent. Unimetrix injection syringes (1000 fi\) were used.
Calibration of the HPLC system: The area A of chromatographic peaks is linearly related to the concentration q of the particular species i provided c s is not too large and the retention time (i.e., the flow rate) is kept constant. Solutions of S 8 and S 7 , respectively, in CS 2 were prepared from the pure components (five different concentrations each) and each solution measured several times to determine the functions Aj = a-C; + b. The concentration of the S 8 solution was varied between 460 and 620 ^g/1, and of the S 7 solution between 4 and 50 yug/l; correlation coefficients of better than 0.999 were obtained. From time to time, the calibration was checked. For the calibration of S 6 , S 9 , and S J2 , which are minor components in the samples investigated in the present work, the following simple procedure was used. Recrystallized S 8 was heated to 122 °C for 12 h in an aluminum oven [29] to establish the equilibrium, quenched in liquid nitrogen, a weighed sample dissolved in a known volume of CS 2 at 20 °C, filtrated, and analyzed by HPLC. Since the melt composition at 122 °C is known [11] the heights of the S 6 , S 9 , and S 12 peaks could be correlated to the concentration (Hj = a-Cj -I-b) using the approximation b = 0. It had been observed that the heights of small peaks could be better reproduced than the peak areas.
Solvents: CS 2 was freshly distilled from P 2 0 5 and stored in the dark. Methanol was distilled from anhydrous magnesium sulfate using a 50 cm fractionation column. Prior to use as an eluent it was degassed in a vacuum with stirring for at least 5 min.
The ampoules were made of Duran glass (length 44 mm, inner diameter 4.5 mm) rinsed with HNO3/ HCl, cleaned with water, dried at 110 °C, filled with ca. 500 mg sulfur, and sealed after evacuating by a mercury diffusion pump for at least 1 h (ca. 10~4 mbar).
The thermostate (Haake F3-S; 20-200 °C: ±0.01°) was equipped with an electronic programmable temperature control (Haake PG20). The completely immersed ampoules were heated to 122 °C for at least 15 h and cooled to 35 °C with various cooling rates between 2.5 and 0.01 K/min. The ampoules were then immediately cleaned by acetone and methanol, opened and extracted for 30 min with ca. 20 ml CS 2 . The solution was filtrated through a glass frit (to collect the polymeric sulfur mixed with glass pieces) into a 50 ml volumetric flask and CS 2 was added to give exactly 50 ml. 2.5 ml of this solu-tion were diluted to 50 ml and then used for HPLC analysis. Each solution contained ca. 500 /ug sulfur per ml and was injected three times. The glass frit was dried over night in an evacuated desiccator, weighed, heated to 180 °C (in air) for 24 h to oxidize the sulfur, and weighed again. The loss in weight was interpreted as polymeric sulfur.
The S 7 /S 8 ratio of the minerals and commercial sulfurs was determined by extracting ca. 40 mg of the sample by 10 ml CS 2 for 5 min, followed by filtration, dilution to 100 ml by CS 2 and HPLC analysis. The S30 content of these samples was determined by extracting ca. 1 g of the sample with three portions of 30 ml CS 2 each on a glass frit (G3) and drying in air for at least 1 h, prior to weighing.
The solid solutions of S 7 in a-S 8 were prepared from CS 2 solutions as indicated in Table VI by cooling to -78 °C. These solutions contained more S 8 but less S 7 than corresponding to the solubility at this temperature [29] . The large crystals obtained were washed four times with cold pentane (-78 °C) and dried. After careful breaking the crystals into two pieces the sample for HPLC analysis was taken from the inside of the original crystal and dissolved in little CS 2 . Another piece of the crystal was dissolved in cyclohexane and analyzed by HPLC; no peak due to CS 2 could be detected. Therefore, the S 7 found did not originate from inclusions of mother liquor. -The melting points are uncorrected.
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